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Abstract 

The large charge symmetry breaking (CSB) implied by the A binding en¬ 
ergy difference A5^(0+ s ) = TCdHe) — T>a(aH) = 0.35 ± 0.06 MeV of the 
A = 4 mirror hypernuclei ground states, determined from emulsion studies, 
has defied theoretical attempts to reproduce it in terms of CSB in hyperon 
masses and in hyperon-nucleon interactions, including one pion exchange 
arising from A — S° mixing. Using a schematic strong-interaction AN yy T,N 
coupling model developed by Akaishi and collaborators for s-shell A hy- 
pernuclci, we revisit the evaluation of CSB in the A = 4 A hypernuclei 
and extend it to p-shell mirror A hypernuclei. The model yields values of 
AB«0+.) 0.25 MeV. Smaller size and mostly negative p-shcll binding 

energy differences are calculated for the A = 7—10 mirror hypernuclei, in 
rough agreement with the few available data. CSB is found to reduce by 
almost 30 keV the 110 keV H |B g.s. doublet splitting anticipated from the 
hyperon-nucleon strong-interaction spin dependence, thereby explaining the 
persistent experimental failure to observe the 2~ xc —> 1“ s y-ray transition. 

Keywords: 

charge symmetry breaking, hypernuclei, effective interactions in hadronic 
systems, shell model 


1. Introduction 

Charge symmetry breaking (CSB) in nuclear physics is primarily identi¬ 
fied by considering the difference between tin and pp scattering lengths, or 
the binding-energy difference between the mirror nuclei 1 * 3 H and 3 He [lj. In 
these nuclei, about 70 keV out of the Coulomb-dominated 764 keV binding- 
energy difference is commonly attributed to CSB which can be explained 
either by p°co mixing in one-boson exchange models of the NN interaction, 
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or by considering N A intermediate-state mass differences in models limited 
to pseudoscalar meson exchanges [2]. 

In A hypernuclei, in contrast, CSB appears to be considerably stronger, 
judging by the binding-energy difference A£>|(0+ s ,)=0.35±0.06 MeV deduced 
from the level diagram of the mirror hypernuclei (^H, ^He) in Fig. [0 A very 
recent measurement of j(H—*- 4 He+7r _ decay at MAMI 5j reduces AB\(0+ s ) 
to 0.27±0.10 MeV, consistent with its emulsion value [3|. Fig. [Qalso suggests 
that ARj((l+ c ) is almost as large as AF>j((0+ s ). However, the deduction 
of the 1 + excitation energy in j(He from the 1.15 MeV l+. c —>■ 0+ s y-ray 
transition [6j] is not as firm as the one for Q. In passing we mention the 
weak 1.42 MeV y-ray transition reported in Ref. [3] that would imply almost 
no CSB splitting of the l+ c states if its assignment to ^He gets confirmed. 
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Figure 1: Level diagram of mirror hypernuclei (1H, j(He) obtained by adding a A hyperon 
to the mirror nuclei ( 3 H, 3 He). The A separation energies, also loosely termed A binding 
energies ( Ba in MeV), are taken from emulsion work Q. Figure adapted from Ref. 3|. 


The large A B\ values reported for both 0+ s and l+ c states have defied 
theoretical attempts to explain these differences in terms of hadronic or quark 
CSB mechanisms within four-body calculations 0. S, H EH, 0. Meson 
mixing, including p°uj mixing which explains CSB in the A = 3 nuclei, gives 
only small negative contributions about —30 and —10 keV for AR^(0+ s ) 
and A£>^(l+ C ), respectively |9>]. CSB contributions to AR^(0+ s ) from one- 
and two-pion exchange interactions in YNNN coupled-channel calculations 
BE! with hyperons Y = A, £ amount to as much as 100 keV; this holds 
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13] which are widely used in 


for the OBE-based Nijmegen NSC97 models 
A-hypernuclear structure calculations!]] 

Binding energies of ground states in p-shell mirror A hypernuclei, deter¬ 
mined from emulsion studies Q, suggest much weaker CSB effects than for 
A = 4, with values of A = B\(A, I , I z ) — B\(A,I, —I z ) ( I z > 0) consis¬ 
tent with zero for A = 8 and somewhat negative beyond [3j. Accommodating 
AI?a values in the p shell with A B\ by using reasonable phenomenological 
CSB interactions is impossible, as demonstrated in recent four-body cluster- 
model calculations of p-shell A hypernuclei jl5[. This difficulty may be con¬ 
nected to the absence of explicit AN -H- T,N coupling in these cluster-model 
calculations, given that such explicit couplingwas shown to generate non- 
negligiblc CSB contributions to A5^(0+ s ) |l2|. It is our purpose in this 
note to use a schematic AN -H- T,N coupling model, proposed by Akaishi et 
al. jT6|, |l7 for s-shell A hypernuclei and extended by Millener [l8j to the p 
shell, for calculating AB\ values in both s and p shells, thereby making pre¬ 
dictions on CSB effects in p-shell A hypernuclei consistently with a relatively 
sizable value of A5^(0+ s ). 

The paper is organized as follows. In Sect. [21 we update the original 
treatment by Dalitz and Von Hippel [l9| of the A — E° mixing mechanism for 
generating CSB one-pion exchange contributions in A hypernuclei, linking it 
to the strong-interaction AN yy T,N coupling model employed in this work. 
Our CSB calculations for the A = 4 hypernuclei are sketched in Sect. Eland 
their results are compared with those reported in several YNNN four-body 
calculations jjl], |To|, EH EH]- Finally, CSB contributions in p-shcll mirror A 
hypernuclei, evaluated here for the first time, are reported in Sect. [4] 


2. Pionic CSB contributions in A hypernuclei 

The 1 = 0 isoscalar nature of the A hyperon forbids it to emit or absorb 
a single pion, and hence there is no one-pion exchange (OPE) contribution 
to the AN strong interaction. However, by allowing for A — E° mixing in 


1 Contradictory statements were made in Refs. on the ability of the earlier Ni¬ 

jmegen model NSC89 141 to reproduce AR^(0+ s )■ We note that the strength of CSB 
contributions in this work, on p. 2236, is inflated erroneously by a factor gNNM , about 3.7 
for pion exchange, which might have propagated into some of the calculations claiming to 
have resolved the CSB puzzle for AR^(0+ s ) using NSC89. 
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SU(3), a CSB OPE contribution arises |l9j with AA7T coupling constant 

(£°|<5M|A) 

S'aatt = -2 — - _ Qastt = -0.02975fAS7T, (1) 

where the matrix element of the mass mixing operator SM is given by 

(E°|<$M|A> = -4(M e o - M s+ + M p - M n ). (2) 

v3 

The resulting CSB OPE potential is given by 
^av B (OPE) = -0.0242 TNz &^^[a A -a N + T(r)S(r- a A ,a N )]Y(r), (3) 

47T o 

where the z component of the isospin Pauli matrix t a assumes the values 
tn z = ±1 on protons and neutrons, respectively, Y(r) = exp(—m 7r r)/(m 7r r) 
is a Yukawa form, and the tensor contribution is specified by 

3 3 

T(r) = H-h t -rx, S(r; <ta, a N ) = 3a A ■ f a N ■ f - a A ■ a N . (4) 

m^r 


In Eq. 


the transition g A -^ n /nn-k was made in accordance with NSC 


models, using f ' A r N7T / 47r = 0.0740 from NSC89, Table IV in Ref jl4| . 

Since Pauli-spin S pp = 0 and S nn = 0 hold in ^He(0+ s ) and in ^H(0+ s ), 
respectively, the CSB potential (|2]) which is linear in the nucleon spin gives 
no contribution from these same-charge nucleons. Therefore Tn z — Tl owing 
to the odd nucleon in these hypernuclei, respectively, and since c?a ■ &n = — 3 
holds for this odd nucleon, one gets a positive AB a contribution from the 
central spin-spin part which provides the only nonvanishing contribution for 
simple L = 0 wavefunctions. For the 0+ s wavefunction used by Dalitz and 


Von Hippel 19], and updating the values of the coupling constants used in 
their work to those used here, one gets AR° PE (0+ s ) ~ 95 keV, a substantial 
single contribution with respect to AR“ p (0+ s ) = 350 ± 60 keV. 

The A — E° mixing mechanism gives rise also to a variety of (e.g. p) 
meson exchanges other than OPE. In baryon-baryon models that consider 
explicitly the strong-interaction AN O T,N coupling, the matrix element of 
I4T is related to a suitably chosen strong-interaction isospin I my = 1/2 
matrix element (Y’E|V|A’A) by generalizing Eq. (JT]) : 


(AA|V a ^ b |AA) 


-0.0297 t Nz —= {NX\V\NA), 
V3 


(5) 
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where the isospin Clcbsch-Gordan coefficient l/\/3 accounts for the NT 0 
amplitude in the Iny = 1/2 NT state, and the space-spin structure of this 
NT state is taken identical with that of the N A state sandwiching Vy/p. 

3. CSB in the A — 4 hypernuclei 


Table 1: AS s-shell matrix elements tpf. and A° S E , downward energy shifts SE^N) 
calculated for the A = 4 hypernuclear states, the resulting A-EApOR — 1^,) in models 
(AS) e ,f B and the full excitation energy AE(0+ s — l+. c ) [10, [l^, Szj], all in MeV. 


NSC97 

m 

A Os 
^AE 

«yo+ ) 

wyiic) 

AF A y 

AB(0+. - 

lie) 

model 

as 

calculated in models (AE) ej f 

[18] 

m 

LLfl 

m 

NSC97 e 

2.96 

5.09 

0.574 

0.036 

0.539 

0.75 

0.89 

1.13 

NSC97 f 

3.35 

5.76 

0.735 

0.046 

0.689 

1.10 

1.48 

1.51 


Following hyperon-core calculations of s-shcll A hypernuclei by Akaishi 


et al. 16] we use G-matrix YN effective interactions derived from NSC97 
models to calculate CSB contributions from Eq. (J5]). The AT OsyrOsy effective 
interaction Vas is given in terms of a spin-dependent central interaction 


Vat, = (Vas + AasS jV • Sy)\/ 4/3 tyr • t\Y, (6) 

where f A s converts a A to T in isospace. The s-shell matrix elements 
and Ap s are listed in Table [1] for two such G-matrix models denoted (A£) e! f. 
Also listed are the calculated downward energy shifts hFpJ 71 ") defined by 
hFpJp = v 2 (J n )/( 80 MeV), where the Os^Osy matrix elements v(J n ) for 
A = 4 are given in terms of AT two-body matrix elements by 


pO+J = V A °! + -A° s e , u( 1+ xc ) = V} 


Os 

AS 


-A 0s 
4 


AS- 


(7) 


We note that the diagonal OsyrOsy interaction matrix elements have little 
effect in this coupled-channel model because of the large energy denominators 
of order My — M\ ~ 80 MeV with which they appear. Finally, by listing 
AF A s(0+ s .- 1+ c ) from Refs. 16|, |l7|] we demonstrate the sizable contribution 
of AT coupling to the excitation energy AF(0+ s — l+ c ) ~ 1.1 MeV deduced 
from the y-ray transition energies marked in Fig. [0 For comparison, the 
full AF(0+ s — lp c ) in these (AE) e! f models, and as calculated by Nogga [10 
using the underlying Nijmegen models NSC97 6) f, are also listed in the table. 
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Having discussed the effect of strong-interaction AH coupling, we now 
discuss the CSB splittings AP][(0+ s ) and AP]((1+ C ). Results of our AH 
coupling model calculations, using Eq. ([5]) for one of several contributions, 
are listed in the last two lines of Table [2] preceded by results obtained in 
other models within genuine four-body calculations [§, lo|, EH, 12]. Partial 
contributions to AP^(0+ s ) are listed in columns 2-5, whereas for AR^(1+ C ) 
only its total value is listed. 


Table 2: Calculated CSB contributions to AB\(0 + s ) and total values of AB\(0 + s ) and 
arUi+ c ), in keV, from several model calculations of the A = 4 hypernuclei. Recall that 
AB“ p (0+J = 350 ± 60 keV @]. 


model 

Fe(%) 

0 g + s . 

A T Y n 

o« + . 

AV C 

°w. 

A Vyn 

0+ 

g-S- 

A B\ 

A B{ 

1 + 
exc 

A NNN [2] 

- 


-42 

91 

49 

-61 

NSC97 e [10] 

1.6 

47 

-16 

44 

75 

-10 

NSC97 f [11] 

1.8 




100 

-10 

NLO chiral [12] 

2.1 

55 

-9 

- 

46 


(AH) e [present] 

0.72 

39 

-45 

232 

226 

30 

(AH)f [present] 

0.92 

49 

-46 

263 

266 

39 


All of the models listed in Table [2] except for [9] include AH coupling, 
with 0+ s H NNN admixture probabilities Py; ~ P s ± + P y o in (((He, ((H) 
respectively, and P s ± ~ |Py. The l+ c T,NNN admixtures (unlisted) are 
considerably weaker than the listed 0+ s admixtures. Charge asymmetric 
kinetic-energy contributions to APa, dominated by H N intermediate-state 
mass differences, are marked A Tyn hi the table. In the present AH coupling 
model these are given for the 0+ s by [lcj] 

AT yjv (0+ s .) « P E (Af E - - M e+ ), (8) 


yielding as much as 50 keV, in agreement with those four-body calculations 
where such mass differences were introduced [id, E, E3]- The next col¬ 
umn in the table, A Vc = A Vq + AV^?, addresses contributions arising from 
nuclear-core Coulomb energy modihcations induced by the hyperons. AV^ 


is negative, its size ranges from less than 10 keV 10, [12] to about 40 keV [9j 


ARp which accounts for H ± p Coulomb energies in the H NNN admixed com¬ 
ponents is also negative and uniformly small with size of a few keV at most. 
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The values assigned to A Vc in the AS model use values from Ref. [9J for AV^ 
and the estimate AV)? ~ — |P^-E'c( 3 He) for AV^, where Pc'( 3 He) = 644 keV 
is the Coulomb energy of 3 He. 

The next contribution, AVyn: is derived from V^y B . No AVyv contri¬ 
butions are available from the coupled channels calculation by Hiyarna et 
al. 0] (not listed here) and also from the recent chiral-model calculation in 
which CSB contributions are disregarded [l2| in order to remain consistent 
with EFT power counting rules that exclude CSB from the NLO chiral ver¬ 
sion of the YN interaction [21]. With the exception of the purely ANNN 
four-body calculation of Ref. [9|], all those models for which a nonzero value 
is listed in the table effectively used Eq. (J5J) to evaluate A14'iv(0^ s .). This 
ensures that meson exchanges arising from A — E° mixing beyond OPE are 
also included in the calculated CSB contribution. Generally, the CSB poten¬ 
tial contribution AIWv(0g S ) is not linked in any simple model-independent 
way to the E admixture probability Pe( 0+ s ). For example, the calcula¬ 
tions using NSC97 10, ll]| produce too little CSB contributions, whereas the 
present AE model, in spite of its weaker E admixtures, gives sizable contri¬ 
butions which essentially resolve the CSB puzzle in the 0+ s of the A = 4 
hypernuclei. Indeed, using a typical AE strong-interaction matrix element 
(AE|R(0+ s )|AA) ~ 7 MeV in Eq. ([5]) one obtains -Ps(0+ S ) = 0.77% and a 
CSB contribution of 240 keV to APa(0^ s ); this CSB contribution is propor¬ 
tional to in the present AE model. 

The resulting values of AP^Ogs) listed in Table [2] are smaller than 
100 keV within the calculations presented in Refs. B 2, EH, 0, leaving 
the A = 4 CSB puzzle unresolved, while being larger than 200 keV in the 
present AE model and thereby getting considerably closer to the experimen¬ 
tally reported 0+ s CSB splitting. The main difference between these two 
groups of calculations arises from the difference in the CSB potential con¬ 
tributions AVyjv(0^ s .). A similarly large difference also appears between 
the CSB potential negative contributions AVVa^I+J in the calculations of 
Refs. B 10, 11] and the positive contributions AVyA^l^J in the present AE 
model, resulting in large but different AP]((0+ s ) — AP^l^,) values, about 
200 keV in the present AE model and about 100 keV for all other calculations 
BEQ. A common feature of all CSB model calculations so far is that 
none of them is able to generate values in excess of 50 keV for APa( 1+ c ). 

A direct comparison between the NCS97 models and the present AE 
model is not straightforward because the AE coupling in NSC97 models is 
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dominated by tensor components, whereas no tensor components appear in 
present AS model. It is worth noting, however, that the p exchange contri¬ 
bution to the matrix element (IV£|V’|IVA) in Eq. (J5]) is of opposite sign to 
that of OPE for the tensor AS coupling which dominates in NSC models, 
leading to cancellations, whereas both p exchange and OPE contribute con¬ 
structively in the present central AS coupling model in agreement with the 
calculation by Coon et al. [9j which also has no tensor components^] This 
point deserves further study by modeling various input YN interactions in 
future four-body calculations. 


4. CSB in p-shell hypernuclei 

Several few-body cluster-model calculations, of the A = 7, / = 1 isotriplet 


22] and the A — 10, I — ~ isodoublet [23|, have considered the issue of CSB 


contributions to A binding energy differences of p-shell mirror hypernuclei. It 
was verified in these calculations that the introduction of a AN phenomeno¬ 
logical CSB interaction fitted to A B^, for both 0+ s and l+ c states, failed to 
reproduce the observed Avalues in these p-shcll hypernuclei; in fact, it 
only aggravated the discrepancy between experiment and calculations. Al¬ 
though it is possible to reproduce the observed values by introducing addi¬ 
tional CSB components that hardly affect A B^, this prescription lacks any 
physical origin and is therefore questionable, as acknowledged very recently 
by Hiyarna |15|. Here we explore p-shcll CSB contributions, extending the 
NSC97e model OsjvOsy effective interactions considered in Sect. [3] by provid¬ 
ing (AS) e OpArOsy central-interaction matrix elements which are consistent 
with the role AN f->- YN coupling appears to play in a shell-model reproduc¬ 
tion of hypernuclear q-ray transition energies [24J : 


Kz = 1 - 45 , 


= 304 


(in MeV). 


(9) 


These p-shcll matrix elements are smaller by roughly a factor of two from the 
corresponding s-shell matrix elements in Table [U reflecting a reduced weight, 
about 1/2, with which the dominant relative s-wave matrix elements of Vny 
appear in the p shell. This suggests that £ admixtures which are quadratic 
in these matrix elements, are weaker roughly by a factor of 4 with respect 


2 It is worth noting that the p exchange CSB contribution calculated in Ref. 0 is of 
the same sign and remarkably stronger than the OPE CSB contribution. 





to the s-shell calculation, and also smaller CSB interaction contributions in 
the p shell with respect to those in the A = 4 hypernuclei, although only by 
a factor of 2. To evaluate these CSB contributions, instead of applying the 
one-nucleon or nucleon-hole expression (|5]) valid in the s shell, we use in the 
p shell the general multi-nucleon expression for V^ B obtained by summing 
over p-shcll nucleons: 

= -0-0297 + Yl (U°£ + A&A - sV)v> (10) 

* 3 


Results of applying the present (AS) e coupling model to several pairs of 
g.s. levels in p-shell hypernuclear isomultiplets are given in Table |3] All 
pairs except for A = 7 are mirror hypernuclei identified in emulsion ( 3 J where 
binding energy systematic uncertainties are largely canceled out in forming 
the listed AP“ p values. For A = 7 we compensated for the unavailability 
of a reliable i?A(^He) value from emulsion by replacing it with Pa(aLF), 
established by observing the 3.88 MeV 7 -ray transition ^Li* —* 7 +a.LI [28]] • 
Recent B a values_ determined in clectroproduction experiments at JLab for 

were not used for lack of similar data on 


iHe 


30, A Li 0 


and 1( (Be 


their mirror partners. 


Table 3: CSB contributions to AB“ lc (g.s.) values in p-shell hypernuclear isomultiplets, 
using the (AE) e coupling model. The s-shell contributions to AB^(0+ s ) from Table [2] are 
also listed for comparison. 


Ary Ary 

\ L > A^< 

pairs 

I,J* 

Py 

(%) 

A T yn 
(keV) 

AVd 

(keV) 

A Vy n 
(keV) 

Alcaic 

(keV) 

AP^ xp [3] 

(keV) 

lHe-lH 

- 0 + 

0.72 

39 

-45 

232 

226 

+350+60 

^Be-^Li* 

l,§ + 

0.12 

3 

-70 [22] 

50 

-17 

-100+90 

iBe-iLi 


0.20 

11 

-81 [26] 

119 

+49 

+40+60 


1 ^ + 

’ 2 

0.23 

10 

-145 [27] 

81 

-54 

- 210+220 

^B-^Be 

i 1- 

0.053 

3 

-156 [27] 

17 

-136 

-220+250 


The £ admixture percentages Py in Table [3] follow from A£ strong- 
interaction contributions to p-shell hypernuclear g.s. energies computed in 
Ref. 24], and the associated CSB kinetic-energy contributions AT yn were 
calculated using a straightforward generalization of Eq. (| 8 |h These contri¬ 
butions, of order 10 keV and less, are considerably weaker than the A T Y n 
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contributions to A B\ listed in Table [21 reflecting weaker £ admixtures in 
the p shell as discussed following Eq. ([2]). The Coulomb-induced contribu¬ 
tions A Vc are dominated by their AVA components which were taken from 
Hiyama’s cluster-model calculations 22, [26] for A = 7,8 and from Millener’s 
shell-model calculations 127] for A = 


9,10. The shell-model estimate of 
—156 keV adopted here for A = 10 is somewhat smaller than the —180 keV 
cluster-model result j23j. The Acomponents are negligible, with size of 
1 keV at most (for A = 8,9). AVq is always negative, as expected from 
the increased Coulomb repulsion owing to the increased proton separation 
energy in the A hypernucleus with respect to its core. The sizable negative 
p-shell A Vc contributions, in distinction from their secondary role in forming 
the total Ah?^(0 + s ), exceed in size the positive p-shell A V Y n contributions 
by a large margin beginning with A = 9, thereby resulting in clearly negative 
values of A5f(g.s.). 

The CSB AVyn contributions listed in Table [3] were calculated using 
weak-coupling A-hypernuclear shell-model wavefunctions in terms of the cor¬ 
responding nuclear-core g.s. leading SU(4) supermultiplet components, ex¬ 
cept for A = 8 where the first excited nuclear-core level had to be included. 
This proved to be a sound and useful approximation, yielding AS strong- 
interaction contributions close to those given in Figs. 1-3 of Ref. j2^]J^| De¬ 
tails will be given elsewhere. The listed A = 7—10 values of AVyn exhibit 
strong SU(4) correlations, marked in particular by the enhanced value of 
119 keV for the SU(4) nucleon-hole configuration in ®Be-®Li with respect 
to the modest value of 17 keV for the SU(4) nucleon-particle configuration 
in ^B-^Be. This enhancement follows from the relative magnitudes of the 
Fermi-like interaction term and its Garnow-Teller partner term A^ in 
Eq. 02D- Noting that both A = 4 and A = 8 mirror hypernuclei corre¬ 
spond to SU(4) nucleon-hole configuration, the roughly factor two ratio of 
AVyn(A = 4) = 232 keV to A Vyn(A = 8) = 119 keV reflects the approxi¬ 
mate factor of two for the ratio between s-shell to p-shell AS matrix elements, 
as discussed following Eq. (T9l). 

Comparing AB^ lc with AR^ xp in Table [31 we note the reasonable agree¬ 
ment reached between the present (A£) e coupling model calculation and 
experiment for all four pairs of p-shell hypernuclei, A = 7 — 10, considered 


3 I am indebted to John Millener for providing me with some of the wavefunctions 
required here. 
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in this work. Extrapolating to heavier hypernuclei, one might naively ex¬ 
pect negative values of A5^ alc , as suggested by the listed A = 9,10 values. 
However, this rests on the assumption that the negative AV<j contribution 
remains as large upon increasing A as it is in the beginning of the p shell, 
which need not be the case. As nuclear cores beyond A = 9 become more 
tightly bound, the A hyperon is unlikely to compress these nuclear cores as 
much as it does in lighter hypernuclei, so that the additional Coulomb re¬ 
pulsion in 1 ^C, for example, over that in ^B, while still negative, may not 
be sufficiently large to offset the attractive CSB contribution. In making 
this argument we rely on the expectation, based on SU(4) supermultiplet 
fragmentation patterns in the p shell, that A Vyn does not exceed ~100 keV. 

Before closing the discussion of CSB in p-shell hypernuclei, we wish to 
draw attention to the state dependence of CSB splittings, recalling the vast 
difference between the calculated Af^(0+ ) and A£>^(l+ C ) in the s shell. In 
Table [4] we list CSB contributions A E A jP to several g.s. doublet excitation 
energies, as well the excitation energies A E cs calculated by Millener j24[ 
using charge symmetric (CS) YN spin-dependent interactions, including CS 
AS contributions A E A ^ (also listed). It is tacitly assumed that AV^ is 
state independent for the hypernuclear g.s. doublet members. As for the 
other, considerably smaller contributions, we checked that AV^ 1 remains at 
the 1 keV level and that the difference between the appropriate E-dominated 
A T Y n values is less than 10 keV. Under these circumstances, it is sufficient 
to limit the discussion to the state dependence of A Vyn alone, although the 
splittings listed in the table include these other tiny contributions. 


Table 4: Ground-state doublet splittings in several p-shell hypernuclei: A E exp , A E cs 
from 24| using CS spin-dependent YN interactions that include CS AE contributions 


AA’aI; and CSB AE contributions A£'®| B considered in the present work, all in keV. 


N 

771 

^ exc 

T7T 

J S-8- 

A£ exp 

A[24 

A Eg. [24] 


«Li 

2 " 

1- 

442±2 [32] 

445 

149 

-53.2 

a Li 

5 + 

2 

3 + 

2 

570T120 [21] 

590 

116 

+12.5 


2 " 

l- 

< 100 [32, 33] 

110 

-10 

-26.5 


Inspection of Table [4] reveals that whereas CSB contributions AE a ^P are 
negligible in 9 A Li, with respect to both A E A ^ and to the total CS splitting 
A E cs , they need to be incorporated in re-evaluating the g.s. doublet split¬ 
tings in ®Li and in B. 
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In ® Li, these AE^^P contributions spoil the perhaps fortuitous agree¬ 
ment between A E exp , deduced from a tentative assignment of a 7 -ray 
transition observed in the 10 B(/l ”, vr”) 1 ^ reaction continuum spec¬ 


trum 32 ], and A E cs evaluated using the YN spin-dependent interac¬ 
tion parameters deduced from well identified 7 -ray transitions in other 
hypernuclei. The 50 keV discrepancy arising from adding AE^P sur¬ 
passes significantly the typical 20 keV theoretical uncertainty in fitting 
doublet splittings in p-shell hypernuclei (see Table 1, Ref. [241] h 


The inclusion of AE^^P in the calculated 


B g.s. doublet splitting 
helps solving the longstanding puzzle of not observing the 2 ^ c —> l” s 
7 -ray transition, thereby placing an upper limit of 100 keV on this 
transition energy [32j, 33j. Including our CSB calculated contribution 
would indeed lower the expected transition energy from 110 keV to 
about 85 keV, in accordance with the experimental upper limit 0 


It might appear unnatural that AE^P is calculated to be a sizable frac¬ 
tion of A E^ in ((Li, or even exceed it in B. This may be understood noting 
that the evaluation of AE^P involves a CSB small parameter of ~0.03, see 
Eq. (J5J), whereas the evaluation of A E^ involves a small parameter of y/P£ 
which is less than 0.05 for ®Li and less than 0.025 for X °B in our (AE) e 
coupling model, see Table [3j 


5. Conclusion 

It was shown in this work how a relatively large CSB contribution of 
order 250 keV arises in (A£) coupling models based on Akaishi’s central- 
interaction G'-matrix calculations in s-shcll hypernuclei BQ, coming close 
to the binding energy difference -E>A(lHe)—T> a(aH) = 350 ± 60 keV deduced 
from emulsion studies Q. It was also argued that the reason for most of the 
YNNN coupled-channel calculations done so far to come out considerably 
behind, with 100 keV at most by using NSC97f, is that their AS channel 
coupling is dominated by strong tensor interaction terms. In this sense, the 


4 Adding CSB is not essential in the B aapA cluster-model calculation 23] that results 
in 80 keV g.s. doublet excitation using CS AN interactions. However, to do a good job on 
the level of ^20 keV, one needs to include a-breakup AN contributions which are missing 
in this calculation. 
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CSB-dominated large value of AB^(0 ^ s ) places a powerful constraint on the 
strong-interaction YN dynamics. 

In spite of the schematic nature of the present (AS) coupling model of the 
A = 4 hypernuclei, which undoubtedly does not match the high standards 
of solving coupled-channel four-body problems, this model has the invalu¬ 
able advantage of enabling a fairly simple application to heavier hypernuclei, 
where it was shown to reproduce successfully the main CSB features as dis¬ 
closed from the several measured binding energy differences in p-shell mirror 
hypernuclei. More quantitative work, particularly for the 'aC-'^B mirror hy- 
pernuclci, has to be done in order to confirm the trends established here in the 
beginning of the p shell upon relying exclusively on data reported from emul¬ 
sion studies. Although the required calculations are rather straightforward, 
a major obstacle in reaching unambiguous conclusions is the unavailability 
of alternative comprehensive and accurate measurements of g.s. binding en¬ 
ergies in mirror hypernuclei that may replace the existing old emulsion data. 
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Note added after publication 


A recent LQCD work [34j evaluates the E°-A mixing matrix element 
(E°|JM|A) to be smaller by about factor of 2 than the one used in the 
present work upon substituting PDG 35] baryon mass values in the Dalitz- 
Von Hippel |l9| SU(3)f-symmetry expression (J2]) which we copy here, 


<E°|5M|A) = -=(M S o - M s+ + M p - M n ). 
v3 


( 11 ) 


The resolution of this apparent discrepancy is that this much smaller value of 
(E°|<5M|A) in Ref. 34] is obtainable simply by substituting LQCD-calculated 
mass differences in Eq. CD. particularly M n — M p = 2.70 MeV which is about 
twice larger than the PDG value 1.29 MeV and which comes with a negative 
sign in CD- We conclude that this LQCD determination of E° A mixing is 
no better than their determination of the neutron-proton mass difference. 
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